Intestinal injury is a common complication following intracerebral hemorrhage (ICH), which leads to malnutrition, impaired immunity and unsatisfactory prognosis. Previous studies have revealed the pathogenesis of intestinal injury following traumatic brain injury using ischemic stroke models. However, the effects of ICH on intestinal injury remain unknown. The present study aimed to investigate the pathological alterations and molecular mechanism, as well as the time course of intestinal injury following ICH in mice. Male C57BL/6 mice were randomly divided into the following seven groups (n=6 mice/group): Control group, which underwent a sham operation, and six ICH groups (2, 6, 12 and 24 h, and days 3 and 7). The ICH model was induced by stereotactically injecting autologous blood in two stages into the brain. Subsequently, intestinal tissue was stained with hematoxylin and eosin for histopathological examination. Small intestinal motility was measured by charcoal meal test, and gut barrier dysfunction was evaluated by detecting the plasma levels of endotoxin. Quantitative polymerase chain reaction (qPCR), immunohistochemistry and ELISA analysis were performed to evaluate the mRNA and protein expression levels of inflammatory cytokines [interleukin (IL)-1β, IL-6, tumor necrosis factor-α, intercellular adhesion molecule 1, monocyte chemotactic protein 1 and chemokine (C-C motif) ligand-5] in intestinal tissue and serum. Furthermore, intestinal leukocyte infiltration was detected by measuring myeloperoxidase activity. Oxidative stress was indirectly detected by measuring reactive oxygen species-associated markers (malondialdehyde content and superoxide dismutase activity assays) and the mRNA and protein expression levels of antioxidant genes [nuclear factor (erythroid-derived 2)-like 2, manganese superoxide dismutase and heme oxygenase 1] by qPCR and western blot analysis. The results demonstrated that significant destruction of the gut mucosa, delayed small intestinal motility, intestinal barrier dysfunction, and increased inflammatory responses and oxidative stress occurred rapidly in response to ICH. These symptoms occurred as early as 2 h after ICH and persisted for 7 days. These findings suggested that ICH may induce immediate and persistent damage to gut structure and barrier function, which may be associated with upregulation of inflammation and oxidative stress markers.
Introduction
Intracerebral hemorrhage (ICH) is the most severe stroke subtype, and is a leading cause of morbidity and mortality (1) . ICH accounts for 10-15% of all strokes in Europe, USA and Australia, and 20-30% of all strokes in Asia; ~2 million cases of ICH occur annually worldwide (2) . Intestinal injury, particularly upper gastrointestinal (GI) bleeding, is a potential complication in patients with ICH, which leads to malnutrition, impaired immunity, longer periods of hospitalization, dependence, poor outcome and even mortality (3) (4) (5) (6) (7) . Furthermore, compared with other common complications that occur following ICH, including pneumonia, seizures and fever, intestinal injury has received much less attention, and the associated pathophysiological alterations require further discussion and evaluation.
It is generally accepted that the intestine is the core organ of posttraumatic stress, and the initiating organ of multiple organ dysfunction in the development of severe complications under critically stressful events, including burns (8) , heat stroke (9) , trauma (10), brain events (11, 12) and transplantation (13) . These stressful events may initiate a cascade of intestinal events, including destruction of the gut mucosa, barrier dysfunction, translocation of intestinal bacteria and endotoxin, and upper GI bleeding, which may lead to systemic inflammatory response syndrome (SIRS) and multiple organ dysfunction syndrome (MODS) (14) . ICH is a severe type of pathological stress and a critical brain event, which may induce numerous intestinal events, as aforementioned. Following ICH, not only the general stress state, but also central nervous system damage-induced Evaluation of intestinal injury, inflammatory response and oxidative stress following intracerebral hemorrhage in mice neural, humoral and endocrine system disorders may disrupt intestinal integrity and function. However, the underlying molecular mechanism remains to be elucidated.
To the best of our knowledge, no previous study has focused on intestinal aspects following ICH in vivo. Due to the important role of intestinal function in the prognosis of patients with ICH, the development of effective therapeutic strategies for the treatment of intestinal complications is required. However, the pathophysiological mechanisms of ICH-induced intestinal complications are currently undefined. The present study aimed to investigate the sequentially pathological alterations and molecular mechanisms underlying ICH-induced intestinal injury.
Materials and methods
Animals and experimental groups. The present study was approved by the Laboratory Animal Ethics Committee of Rui Jin Hospital (Shanghai, China). Animal experiments were conducted in accordance with the US National Institutes of Health Guidelines (15) and followed the guidelines of the National Animal Protection of China. Male C57BL/6 mice (age, 6-8 weeks) were purchased from the Experimental Animal Center of the Chinese Academy of Sciences (Shanghai, China). Mice were maintained under specific pathogen-free conditions at a constant room temperature (18-22˚C) and humidity (40-70%), under a 12-h light/dark cycle. Sterilized food and water were provided ad libitum. To evaluate the intestinal damage following ICH, 42 mice were randomly divided into the following seven groups (n=6 mice/group): Control group and six ICH groups (2, 6, 12 and 24 h, and 3 and 7 days). All efforts were made to minimize suffering and to reduce the number of mice used.
ICH mouse model. Mice were anesthetized with a single intraperitoneal dose of 100 mg/kg ketamine/10 mg/kg xylazine (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Mice were positioned in a stereotactic frame (RWD Life Science Co., Ltd., Shenzhen, China) and ICH was induced by autologous blood infusion. A 1 mm burr hole was drilled 2.5 mm lateral to the midline and 0.2 mm anterior to the bregma. Autologous blood (25 µl) was collected from a cut in the tail using a Hamilton syringe, which was flushed with heparin prior to blood collection. A needle was advanced 3.0 mm into the right striatum. A total of 25 µl autologous blood was injected via a double injection technique using a microinfusion pump (World Precision Instruments, Sarasota, FL, USA). An initial amount of 5 µl was delivered at a rate of 1.5 µl/min. Following a 10 min interval without injection, the remaining 20 µl was delivered at the same rate (1.5 µl/min). The needle was left in place for a further 10 min to minimize blood backflow. Following withdrawal of the needle, the scalp was sutured. In the sham control mice, only the needle was inserted. After the operation, mice were returned back to their cages.
Small intestinal motility. Mice in each group were sacrificed at the corresponding time point. A total of 30 min before sacrifice, charcoal meal (0.1 ml; 5% activated charcoal suspended in 10% aqueous gum arabic) was injected into the stomach through a gastric tube. After laparotomy, the entire small intestine was harvested. The distance traveled by the charcoal meal from the pylorus to the furthest point of small intestine was recorded. The intestinal impelling force was measured according to the following formula: Impelling force (%) = distance traveled by charcoal meal/total length of the small intestine x 100.
Histopathology. After fixation in 10% formalin for 24 h at room temperature, ileal segments from each group were embedded in paraffin. Subsequently, the samples were cut into 4 µm sections and were mounted onto slides. For histopathological examination, the sections were stained with hematoxylin for 10 min and eosin for 5 min at room temperature. Intestinal morphological alterations were detected by an observer blinded to the experimental group using an inverted microscope (Leica Microsystems GmbH, Wetzlar, Germany). As described by Chiu et al (16) the histological scoring system was used to quantify the degree of intestinal damage following ICH.
Plasma endotoxin. All blood samples were carefully obtained from the hearts of the mice prior to sacrifice and were centrifuged at 6,000 x g for 5 min at 4˚C. Endotoxin content in the plasma samples was assessed using the limulus amebocyte lysate kit (TAL, Xiamen, China) with a kinetic modification according to the manufacturer's protocol. Endotoxin concentrations were expressed as EU/ml.
Immunohistological staining. Segments of the terminal ileum were fixed in 10% neutral formalin for 24 h at room temperature, and 4 µm sections were cut from each paraffin-embedded block. The sections were dewaxed in xylene and rehydrated, after which antigen retrieval was conducted. Briefly, the sections were immersed in citrate buffer and heated using a microwave oven for 15 min at 92-98˚C. Subsequently, the sections were incubated in 3% H 2 O 2 in PBS for 10 min, and blocked in PBS containing 3% normal goat serum (Thermo Fisher Scientific, Inc., Waltham, MA, USA), 0.3% (w/v) Triton X-100 and 0.1% bovine serum albumin (Sigma-Aldrich; Merck KGaA) at room temperature for 1 h. The sections were then incubated with a primary antibody against intercellular adhesion molecule 1 (ICAM-1; 1:100 dilution; cat. no. ab171123; Abcam, Cambridge, UK) at 4˚C overnight. Subsequently, sections were developed with the ABC kit and detected with diaminobenzidine (both vector Laboratories, Inc., Burlingame, CA, USA). The sections were then counterstained with hematoxylin, dehydrated and mounted. Histopathological alterations were observed using an inverted microscope (Leica Microsystems GmbH) following a blinded procedure. Images were analyzed by Image-Pro Plus version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA). Staining intensity was evaluated as follows: '0' indicates no detectable positive staining; '1' indicates very low density of positive staining; '2' indicates a moderate density of positive staining; '3' indicates higher, but not maximal, density of positive staining; '4' indicates the highest density of positive staining.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Total RNA was extracted from intestinal samples using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. RNA quantity was determined according to spectrophotometric analysis (optical density 260/280 ). RT was performed using a PrimeScript RT reagent kit (Takara Bio, Inc., Otsu, Japan). The RT temperature protocol parameters were as follows: 37˚C for 15 min and 85˚C for 15 sec. Forward and reverse oligonucleotide primers (Table I) were designed to amplify target genes, and were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). qPCR amplification was performed on an ABI 7500 PCR instrument (Applied Biosystems; Thermo Fisher Scientific, Inc.) using SYBR Green (Takara Bio, Inc.) according to the manufacturer's protocol. PCR thermocycling conditions were as follows: 1 cycle of predenaturation at 95˚C for 30 sec, followed by 40 cycles of denaturation at 95˚C for 5 sec, annealing at 60˚C for 30 sec and extension at 72˚C for 30 sec, and a final step at 72˚C for 10 min. β-actin mRNA was quantified as an endogenous control to calculate ΔCq using SDS software version 2.4.1 (Applied Biosystems; Thermo Fisher Scientific, Inc.). Results were calculated by using the 2 -ΔΔCq method (17).
Western blot analysis. Total protein was extracted from intestinal samples in each group using radioimmunoprecipitation assay lysis buffer (EMD Millipore, Bedford, MA, USA) for 30 min. Following centrifugation at 12,000 x g for 10 min at 4˚C, the supernatant was collected. Protein concentrations were quantified using an enhanced bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific, Inc.). All samples were diluted in loading buffer (Nanjing Sunshine Biotechnology Co., Ltd., Nanjing, China) and boiled at 95˚C for 5 min. Total protein (20 µg) was separated by 10% SDS-PAGE and the fractionated proteins were electrotransferred to a polyvinylidene fluoride membrane. The membrane was blocked with 5% skim milk for 1 h at room temperature and probed with the following primary antibodies: Anti-nuclear factor (erythroid-derived 2)-like 2 (Nrf2; 1:1,000 dilution; cat. no. ab137550), anti-manganese superoxide dismutase (MnSOD; 1:5,000 dilution; cat. no. ab13533), anti-heme oxygenase (HO)-1 (1:2,000 dilution; cat. no. ab189491) and anti-β-actin (1:10,000 dilution; cat. no. ab3280) (all Abcam) at 4˚C overnight. Subsequently, the membrane was incubated with goat anti-rabbit (cat. no. HA1001-100) or goat anti-mouse (cat. no. HA1006) horseradish peroxidase-conjugated secondary antibodies (1:5,000; Hangzhou Hua'an Medical & Health Instruments Co., Ltd., Hangzhou, China)for 1 h at room temperature. Immunoreactive bands were detected using an enhanced chemiluminescence reagent (Pierce; Thermo Fisher Scientific, Inc.) and were visualized using Gel-Pro Analyzer gel image analysis software version 6.3 (Media Cybernetics, Inc.).
Myeloperoxidase (MPO) activity. The intestinal tissue homogenate was extracted from each group and the protein concentration of each supernatant was assessed as aforementioned. Tissue protein concentrations from different groups were measured using an enhanced BCA protein assay kit (Thermo Fisher Scientific, Inc.). MPO activity in tissue homogenates was analyzed using a detection kit according to the manufacturer's protocol (cat. no. A044; Nanjing Jiancheng Bioengineering Institute, Nanjing, China). MPO activity was expressed as U/mg tissue, and 1 unit of MPO activity represents the amount of enzyme degrading 1 µmol H 2 O 2 /min at 25˚C. ELISA analysis. Blood samples were collected from the hearts of mice prior to sacrifice and were centrifuged at 6,000 x g for 5 min at 4˚C. Serum levels of interleukin (IL)-1β were quantified using an ELISA kit (cat. no. ab197742; Abcam) according to the manufacturer's protocol. Absorbance was measured at 450 nm, and concentration of the target protein was determined according to the standard curve. Protein levels were expressed as pg/mg protein.
Malondialdehyde (MDA) content and superoxide dismutase (SOD) activity. Intestinal tissue levels of oxidative stress (OS) were indirectly assessed using MDA content and SOD activity assays. Intestine samples from each group were homogenized in cold saline, with a weight-to-volume ratio of 1:9, and the homogenate was centrifuged at 12,000 x g for 10 min at 4˚C. The protein concentration in the supernatant was determined using the enhanced bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Inc.). Measurements of MDA content and SOD activity in tissue homogenates were determined using detection kits (cat. nos. A003-1 and A001-1-1; Nanjing Jiancheng Biological Engineering Institute) according to the manufacturer's protocol. 
Results

Histopathological alterations in the intestinal mucosa.
Histopa thological examination indicated that morphology of the intestinal mucosa was intact in the sham group. Conversely, mucosal damage was detected as early as 2 h after ICH; shed-ding of epithelial cells from the top of villi, intestinal villi thickening and decurtation were detected. Furthermore, fusion of adjacent villi, inflammatory cell infiltration, exposed lamina propria and damaged villus tip were detected at 24 h and the histopathological alterations persisted for 7 days (Fig. 1) .
Small intestinal motility.
Intestinal impelling force was significantly lower in all ICH groups compared with in the sham group (P<0.05). The lowest level was detected 12 h after ICH and the impelling force remained significantly reduced until day 7 following ICH (Fig. 2) .
Intestinal barrier dysfunction. Plasma levels of endotoxin are considered the hallmark of intestinal permeability and barrier function. Plasma endotoxin levels were markedly increased 2 h following ICH, and the levels peaked at 24 h. Notably, plasma endotoxin levels declined on day 7; however, they were still significantly higher compared with in the sham group ( Fig. 3; P<0 .05).
mRNA expression levels of inflammatory cytokines. The mRNA profile of intestinal inflammatory cytokines was significantly altered post-ICH. IL-1β, IL-6 and tumor necrosis factor (TNF)-α are important proinflammatory cytokines, which are considered molecular markers of inflammatory responses (18, 19) . The mRNA expression levels of IL-6 and TNF-α were significantly elevated after ICH at each time-point (P<0.05). However, the mRNA expression levels of IL-1β were not significantly increased 2 h and 7 days post-ICH (P>0.05). ICAM-1 is a member of the immunoglobulin superfamily, which may initiate adhesion and infiltration of leukocytes into the lesion site, leading to damage. In the present study, ICAM-1 expression was elevated as early as 2 h post-ICH and was increased for 7 days (P<0.05). Chemokines, including monocyte chemotactic protein (MCP)-1 and chemokine (C-C motif) ligand (CCL)-5, participate in the inflammatory process by promoting the infiltration and chemotactic activation of inflammatory cells in lesions. In the present study, MCP-1 and CCL-5 in the ICH groups were also significantly elevated compared with in the sham group (P<0.05); however, CCL-5 mRNA expression was not significantly increased on day 7 post-ICH (Fig. 4) . These results indicated that ICH may induce rapid and persistent upregulation of inflammatory cytokines in the intestine.
Expression of ICAM-1 in intestinal tissue. ICAM-1 immunoreactivity was almost undetectable in the sham group. However, strong ICAM-1 immunoreactivity was observed in the intestine 12 or 24 h after ICH (P<0.05). Furthermore, ICAM-1 immunoreactivity remained increased on day 7 post-ICH compared with in the sham group (Fig. 5 ).
MPO activity. MPO is an enzyme that is abundantly stored in azurophilic granules of neutrophils. MPO activity is a prognostic hallmark of inflammatory response in various acute and chronic inflammatory conditions (20, 21) . In the present study, MPO activity was significantly increased in ICH mice compared with in the sham mice at each time-point. In addition, MPO activity on day 7 was still higher than that in the sham group (Fig. 6) .
Circulating IL-1β levels. ICH significantly altered the circulating levels of the cytokine, IL-1β. Following ICH, serum IL-1β levels were significantly elevated compared with in the sham group; however, this difference was not statistically significant at 2 h (P>0.05). On day 7 post-ICH, serum IL-1β levels were still significantly elevated compared with in the sham mice ( Fig. 7) .
Intestinal reactive oxygen species (ROS) levels. To analyze whether ICH induces intestinal OS in mice, ROS levels were measured indirectly, by determining MDA content and SOD activity. MDA levels were significantly elevated following ICH; elevation was detected as early as 2 h post-ICH and remained higher on day 7 compared with in the sham group. Conversely, SOD activity was significantly reduced by ICH (Fig. 8) . These results indicated that ICH may markedly increase intestinal ROS levels in mice.
mRNA and protein expression levels of antioxidants. The mRNA expression levels of the antioxidant enzymes, Nrf2, MnSOD and HO-1, were significantly increased in the intestinal samples from ICH mice compared with in the sham group, particularly at 12 and 24 h post-ICH. To analyze the protein levels of these antioxidant enzymes in the intestine, the protein expression levels of Nrf2, MnSOD and HO-1 were detected in the intestinal tissue of the various groups by western blot analysis. The protein expression levels of Nrf2, MnSOD and HO-1 were also markedly increased in the ICH mice compared with in the sham mice. Nrf2 and HO-1, but not MnSOD, levels remained higher in the ICH group at day 7 compared with in the sham group (P<0.05; Fig. 9 ).
Discussion
Compared with intestinal injury following ischemic stroke or traumatic brain injury (TBI), few studies have focused on intestinal injury post-ICH, particularly in experimental research. Clinically, Misra et al (4) reported that the frequency of GI bleeding post-ICH in India was 30%, and Yang et al (5) revealed that the prevalence of GI bleeding after ICH was 26.7% in a retrospective review of 808 cases in China. Furthermore, Yang et al (5) indicated that patients with GI bleeding had significantly longer hospital stays and increased in-hospital mortality compared with patients without GI bleeding. However, the pathophysiological intestinal alterations following ICH and the molecular mechanism involved in triggering the inflammatory response and OS are unclear. On the basis of experiments in mice, the present study systematically indicated that ICH could induce significant intestinal damage, which occurred as early as 2 h post-ICH and lasted for 7 days. In the present study, ICH induced significant gut mucosal damage, barrier dysfunction, delayed small intestinal motility, inflammatory responses characterized by leukocyte infiltration into the intestinal tissue, elevated levels of inflammatory cytokines in intestinal tissue and serum, and OS characterized by indirect ROS levels and antioxidant gene levels. Stressful events can induce alterations in gut mucosa, barrier function and small intestinal motility. To the best of our knowledge, no previous studies regarding intestinal mucosa structure and barrier function post-ICH have been conducted. The present study demonstrated that damage to the intestinal mucosa occurred rapidly, as early as 2 h post-ICH, and persisted for 7 days. The observed morphological alterations in the gut mucosa included intestinal villi engorgement, thickening, decurtation, fusion of adjacent villi, inflammatory cell infiltra-tion, exposed lamina propria and damaged villus tip. Recovery of small intestinal motility is considered a vital hallmark of clinical outcome following ICH. In a previous study, gastrointestinal motility alterations were investigated in a model of middle cerebral artery occlusion (MCAO)-induced intestinal injury; decreased small intestinal motility was confirmed within 48 h of MCAO (12) . In the present study, the intestinal impelling ratio was significantly lower in the ICH groups compared with in the sham group. The results indicated that ICH may induce weakening in the tension of the lower esophageal sphincter, descent of gastric contraction and emptying function, and depression of gastrointestinal motility. In addition, gastrointestinal motility, both 2 h and 7 days post-ICH, was significantly lower than in the sham group, thus suggesting that intestinal dyskinesis occurs in the early stage of ICH and persists for a long period. Impaired gut barrier function can increase intestinal permeability and translocation of endotoxin. The present study detected significantly increased plasma levels of endotoxin, with peaks detected at 2 and 12 h post-ICH. Hang et al (11) hypothesized the reason for this phenomenon in a TBI-induced gastrointestinal dysfunction study; it was suggested that the first peak may be due to excited sympathetic nerve-induced acute gut mucosal damage. Subsequently, the plasma levels of endotoxin may slightly decline due to recovery of liver antitoxic function and lipopolysaccharide antibodies. Finally, the second peak may be associated with severe mucosal damage, which usually occurs at later stages following a brain event. In addition, previous studies (22, 23) have reported that endotoxin may not only ultimately induce breakdown of the intestinal mucosal barrier, potentially resulting in lethal SIRS and MODS, but may also lead to inflammatory cell infiltration in the brain and breakdown of the blood-brain barrier via inducing production and release of proinflammatory cytokines by tissue macrophages and circulating monocytes.
To understand the molecular mechanism underlying ICH-induced intestinal injury, the present study focused on two potential mechanisms. Firstly, the inflammatory response was analyzed by detecting the expression levels of IL-1β, IL-6, TNF-α, ICAM-1, MCP-1 and CCL-5, MPO activity in intestinal tissue, and serum levels of IL-1β. The gut is a core organ where the inflammatory response occurs with the release of various inflammatory cytokines under stressful conditions, which has a potent impact on the small intestine. Notably, the inflammatory response may not only affect the gut itself, but may also influence the function and integrity of remote organs and tissues, including the brain, thus inducing SIRS and MODS. The gut has been labeled the 'trigger' of inflammatory responses under severe stress, which are mainly mediated by various inflammatory cytokines. Previous studies (24, 25) indicated that TBI could induce a rapid and persistent inflammatory response, which was associated with the upregulation of proinflammatory cytokines in the gut, including nuclear factor-κB, TNF-α, IL-6 and ICAM-1. Consistent with these findings, a significant increase in the mRNA and protein expression levels of proinflammatory cytokines (IL-1β, IL-6, TNF-α, ICAM-1, MCP-1 and CCL-5) was detected using RT-qPCR, immunohistochemistry and ELISA at various time-points in the intestine and serum of ICH mice in the present study. Furthermore, detection of MPO activity confirmed that an inflammatory response had been induced. The majority of these inflammatory cytokines rapidly increased as early as 2 h post-ICH and persisted for 7 days. Notably, among these cytokines, IL-1β, IL-6 and TNF-α can initiate the infiltration of inflammatory cells into the intestine by activating ICAM-1 and other chemokines, including MCP-1 and CCL-5, and vice versa (26) . Numerous studies have demonstrated that the release of inflammatory cytokines induces a delay in small intestinal motility, and intestinal obstruction (27) (28) (29) (30) . In addition, inflammatory cytokines exert cytotoxic effects that induce damage to microvilli, resulting in destruction of intercellular tight junctions and increased intestinal barrier dysfunction (31, 32) . Taken together, the present study suggested that ICH could significantly increase the inflammatory response in the intestine through increased release of inflammatory cytokines, MPO activity, and peripheral circulating concentrations of IL-1β. Therefore, the intestinal inflammatory response may be responsible for intestinal injury, and may serve an important role in the pathogenesis of gut mucosal damage, small intestinal motility and barrier dysfunction.
Secondly, the present study revealed that ICH triggered a pathological intestinal imbalance between oxidant and antioxidant systems. OS mediators, including ROS, which cause lipid peroxidation, protein oxidation, inhibition of mitochondrial activity, and increased membrane permeability of the cell and lysosome, lead to cell swelling/rupture. As a product of lipid peroxidation induced by ROS, MDA content can indirectly reflect the degree of OS.Under normal conditions, ROS may be cleared by antioxidants, including SOD. Redundant oxygen free radicals are generated during periods of ischemia followed by reperfusion in the ICH-induced intestine, leading to excessive MDA accumulation and SOD consumption. In the present study, MDA levels were significantly increased in the ICH group compared with in the sham group. Conversely, SOD activity was markedly reduced. Nrf2, which is a key endogenous regulator of cellular defense against OS, is a positive regulator of the antioxidant response element that modulates the expression of numerous genes and mobilizes the internal antioxidant system, including antioxidant genes (MnSOD and HO-1) (33, 34) . Consistent with the aforementioned results regarding MDA and SOD, the mRNA and protein expression levels of Nrf2, MnSOD and HO-1 were increased following ICH in the intestine, further indicating that OS was activated and served a critical role in ICH-induced intestinal damage. Notably, Jin et al (35, 36) reported that Nrf2-deficient mice were more susceptible to TBI-induced acute intestinal mucosal injury than wild-type Nrf2 +/+ mice, as characterized by decreased intestinal mRNA expression and antioxidant enzyme activities. These findings indicated that an oxidant-antioxidant imbalance participates in the pathogenesis of ICH-induced intestinal injury.
It should be noted that OS is not a secondary event that results from the inflammatory response. OS is now thought to contribute to, rather than result from, the inflammatory response. Previous studies have reported that antioxidant genes, particularly the key upstream transcription factor Nrf2, serve a critical role in counteracting inflammation during tissue injury in various experimental models (35) (36) (37) (38) . These studies have indicated that increased Nrf2 activity has an important protective role in limiting tissue inflammatory response and injury. Notably, our previous study demonstrated that Nrf2, and its downstream antioxidant genes, were significantly increased in the ICH rat brain, and activation of Nrf2 may represent a potential target for treatment of brain injury following ICH (39) . Therefore, it is hypothesized that Nrf2 may be considered a novel therapeutic target for the systematic treatment of not only ICH-induced brain damage but also intestinal injury. Further studies using Nrf2 overexpression or Nrf2 knockout mice are required to examine the exact role of Nrf2 in animal models of ICH-induced intestinal injury.
In conclusion, the results of the present study systematically demonstrated that ICH may markedly induce gut mucosal damage, barrier dysfunction, delayed small intestinal motility, inflammatory response and OS in the intestine. To the best of our knowledge, the present study is the first to elucidate the pathophysiological intestinal alterations that occur following ICH. Ultimately, based on a better understanding of the physiological and pathological processes of ICH-induced intestinal injury, strategies that attenuate the severe complication of intestinal injury-induced SIRS and MODS following severe ICH will be a vital therapeutic target for future ICH research.
